We assessed potential adult longevity and male choice for a mate in two populations of Asteralobia sasakii associated with Ilex crenata and I. integra to test the hypothesis that interbreeding between these populations is prevented by the difference in emergence timing in the field. A previous study showed that the last day of adult emergence on I. integra and the first day of adult emergence on I. crenata were separated by six to 11 days. When adults were maintained in the laboratory with restricted flying, mating and oviposition, adults from both populations survived for four to five days, suggesting that the period when adults were active did not overlap between the two populations in the field. The mate choice test showed that males clearly approached females of the same host origin. These results suggest that the two populations have little chance of interbreeding even when they occur sympatrically. Other life history parameters such as the number of eggs in the ovary, daily emergence pattern, sex ratio and the duration of copulation also varied between the two populations. Our overall results strongly suggest that the two populations on different host plants can be referred to as distinct species.
INTRODUCTION
The gall midge Asteralobia sasakii (Monzen) is widely distributed in Japan (Yukawa and Masuda, 1996; Tokuda et al., 2002) . The galls of this midge are commonly observed on trees of several Ilex species (Aquifoliaceae) such as I. chinensis, I. crenata, I. crenata var. paludosa, I. goshiensis, I. integra, I. leucoclada, I. maximowicziana, and I. warburgii (Monzen, 1937; Shinji, 1944; Yukawa, 1976 Yukawa, , 1982 Yamauchi et al., 1982; Yukawa and Sunose, 1988; Yukawa and Masuda, 1996; Tokuda et al., 2002) .
Recent observations indicated a significant difference in adult emergence time between populations inhabiting I. crenata and I. integra (Tabuchi and Amano, 2003) . The adult emergence of the two populations did not overlap in time. The last day of adult emergence on I. integra and the first day of adult emergence on I. crenata were separated by six days in 2001 and by 11 days in 2002. In general, the longevity of cecidomyiid midges is short and most adults can survive only one to a few days (Barnes, 1956; Sunose 1983; Miller and Borden, 1984; Yukawa and Ohsaki, 1988) . Therefore, the observed difference in the time of adult emergence may lead to reproductive isolation between the two populations, forming distinct host-specific biological species.
The purpose of this study was to clarify whether A. sasakii populations inhabiting I. crenata and I. integra are reproductively isolated in the field by the difference in the adult emergence time. First, the potential adult longevity was estimated to test whether adults of A. sasakii on I. integra can survive long enough to mate with those on I. crenata. Second, we conducted a mate choice experiment to determine whether adults of the two populations have the potential to cross when the two populations coexist in the same locality. In addition, several life history parameters were compared between the populations inhabiting I. crenata and I. integra.
The gall midge A. sasakii induces spherical galls on axillary buds on shoots of the above-mentioned Ilex species (Yukawa and Masuda, 1996; Tokuda et al., 2002) . Each gall contains one to 20 larvae, and each larva forms a u-shaped cell. Most individuals of this species are univoltine: adults emerge from overwintering galls on shoots from late April to June. Although it is not known where A. sasakii copulate, one mating pair of adults was observed on a leaf of I. integra (K. Tabuchi, personal observation) . Mated females oviposit eggs in axillary buds on shoots. Larvae hatch in June and July, just after which the galls start to grow. Galls mature by autumn, and larvae complete their growth in October. Mature larvae overwinter in the galls and then pupate in the following March (Yukawa and Masuda, 1996; Tabuchi and Amano, 2003) . On I. integra, some of the larvae enter a prolonged diapause in the first larval stage and spend two or three winters in the gall. The adults on I. integra with the one-and two-year life cycles emerge concurrently. On the other hand, no larvae had a life cycle beyond one year on I. crenata (Tabuchi and Amano, 2003) .
MATERIALS AND METHODS
Study site, insects and trees. All field studies were conducted at the Matsudo campus, Chiba University (Matsudo-city, Chiba Prefecture) in central Honshu, Japan. We investigated adult emergence of A. sasakii on two host plants, I. crenata and I. integra from mid April to early June in each of , 2001 and 2002 (Tabuchi and Amano, 2003 . In the survey, we randomly chose gall-bearing shoots. For I. crenata, we chose six trees with 50 galls on 17 shoots in 2001, and six trees with 51 galls on 29 shoots in 2002. For I. integra, we chose eight trees with 65 galls on 15 shoots in 2001, and seven trees with 51 galls on 22 shoots in 2002. These shoots with galls were enclosed in nylonmesh bags to collect newly emerging adults. All emerging adults were collected in the field and the adults were sexed under a binocular microscope in the laboratory. Leafing phenology was observed on I. crenata and I. integra from April to early June in 2001 and 2002. For each host plant species, one tree on which adult emergence was observed was selected for counting the number of opened leaves. For each of these two trees, 10 shoots were randomly collected every week. In the laboratory, the numbers of opened and unopened leaves on these shoots were counted to determine the percentage of leaf opening.
Mate choice test. The mate choice experiment was conducted to determine whether free-living males from a host plant in the field were equally attracted to confined females from the same host plant and confined females from the other plant. Adult females used in this experiment were prepared in the laboratory: shoots with galls were collected from several trees of each host plant, and the collected shoots were put in plastic cages (30 cmϫ 17 cmϫ17 cm high) with wet sponges and kept at 15, 20, 25Ϯ1°C to regulate the timing of adult emergence. In 2002 during the period of natural adult emergence (mid-May for I. crenata and late April for I. integra), two non-galled shoots that were at least 30 cm apart were enclosed in a nylonmesh bag. At these times, adult males and females emerged only from the host plant being studied. One adult female that emerged from a host plant in the laboratory was put in one of the bags, and one female from the other plant was put in the remaining bag. Adult females that naturally emerged in the field were not removed from the experiment. Females were acclimatized to the bag for 15 min. After that, the number of free-living adult males approaching the female was counted and the males were collected during a 30-min observation period. This test was conducted from 10:00 am to 11:30 am daily and replicated eight times. Laboratory experiments. Life history traits of A. sasakii populations on I. crenata and on I. integra, including potential adult longevity, emergence time of adults and duration of copulation and fecundity, were investigated in the laboratory. Several hundred gall-bearing shoots from several census trees of each host plant were collected in early April 2002. The shoots were put in plastic cages (30 cmϫ17 cmϫ17 cm high) with wet sponges under simulated field conditions (20Ϯ1°C with photoperiod from 4:30 am to 18:30 pm [14L10D]).
To evaluate potential adult longevity, some of the adults that emerged were placed in plastic cups (11.5 cm diameterϫ13.5 cm high) with a moistened sponge under the same temperature and lighting conditions. Several males were put in each of several cups, and several females were put in each of several cups. No food was placed in the cups because adult midges seldom feed (Yukawa and Masuda, 1996) . The adults were observed at 24-h intervals.
To determine the emergence time of adults, shoots that bore galls in the plastic cages were ob-served every two hours from 12:00 am to 12:00 pm. In the scotophase, emergence was inspected under a red light. All adults that emerged were collected by an aspirator and their sex was determined under a binocular microscope.
To observe mating behavior, for each population, 10 male adults and 10 female adults were placed in a plastic cage (25 cmϫ35 cmϫ35 cm high) and observed for two hours. Five replicates were done for each population.
To determine fecundity (count eggs), 20 female midges of each population were preserved in 99% ethanol on the day of emergence and dissected under a binocular microscope. The widths of the head and thorax of females were also measured.
Data analysis. All analyses were conducted with JMP statistical software (SAS Institute, 2000). Wilcoxon's rank sum test was used to examine the significance of differences between the two populations with respect to the mate choice test, fecundity, body size of females, adult emergence time, and mating duration. ANOVA was used for adult longevity, followed by the Tukey-Kramer honestly significant difference (HSD) test for multiple comparisons of means. The relationships between the number of eggs versus width of head and thorax were estimated with regression analyses. Chisquare test was used to compare the daily emergence pattern of adults between sexes within the population. A logistic regression analysis was used to test whether the sex ratio had any relation to the population or the year of emergence.
RESULTS

Adult emergence and leaf-opening phenology of host plant
The leaf-opening phenology differed between the two host plants in both 2001 and 2002 (Fig. 1) . I. integra leafed out earlier than did I. crenata, and the time lag between the dates when all leaves were open on I. integra and when all leaves were open on I. crenata was one month in 2001 and two weeks in 2002 (Fig. 1) . Our observations showed that the pattern of leaf opening in the census tree was similar to that of all observed trees. Our preliminary survey suggested that adult emergence also differed temporally between the two populations ( Fig. 1 ; see also Tabuchi and Amano, 2003) . Adults of A. sasakii on I. integra started to emerge 23 days earlier than those on I. crenata in 2001, and 27 days earlier in 2002.
Adult emergence generally followed leaf opening in both years (Fig. 1) . In 2001, adults started to emerge on I. integra long after the completion of leaf opening, while on I. crenata, emergence of adults coincided with the completion of leaf opening (Fig. 1) . In contrast, in 2002, adults started to emerge on I. integra when half of the leaves opened and continued to emerge until leaf-opening was finished, while adults started to emerge on I. crenata after leaf opening had terminated (Fig. 1) . For I. integra, the interval between 50% leaf opening and 50% adult emergence was 16 days in 2001 and six days in 2002, while for I. crenata, the intervals were 21 days and 26 days, respectively.
Life span of adult midges
Adult males and females that emerged from galls maintained in the laboratory lived for 4.3 to 5.7 days on the average, and few adults survived more than a week (Table 1 ). Significant differences were found in longevity among the means. However, no consistent relationship was found between the populations or sexes (Table 1) . 
Mate choice test
In this test, all males were attracted to females sharing the same host plant species (Table 2) . Females in the mesh bags that had been transferred from the same host plant exhibited "calling behavior", which consisted of continuously extending and retracting the ovipositor. The males responded by swarming around these females with their wings flapping. The calling behavior was often accompanied by the release of a sex pheromone. The calling behavior was displayed by all females transferred from the same host plants but by only two of eight females from the wrong host plant (Table 3) .
Life history parameters of A. sasakii populations
Significant differences were found between A. sasakii adults from the two host plants in some life history parameters (Tables 4, 5, 6, 7; Figs. 2, 3) . Fecundity and body size of female adults differed between the two populations: female adults of the I. crenata population were larger in size and had more eggs in the ovary (Table 4 ; Fig. 2 ). Adult emergence occurred from 4:00 am to 10:00 am in the I. crenata population (Fig. 3A) , while it occurred from 4:00 am to only 6:00 am for most of the I. integra population (Fig. 3B) . The difference was significant (Fig. 3: Wilcoxon's rank sum test, zϭ4. 45, pϽ0.0001) . No adults emerged between 12:00 pm and 0:00 am in either population. In each population, male and female adults showed the same pattern of emergence (Chi-square test, c 2 ϭ 7.92, dfϭ5, pϭ0.16 for the population on I. crenata; c 2 ϭ6.23, dfϭ5, pϭ0.28 for the population on I. integra). A logistic regression analysis indicated that the sex ratio varied significantly between the two populations, but not among survey years (Tables 5, 6 ). In addition, mating duration was significantly shorter in the A. sasakii population on I. crenata (Table 7) . 504 K. TABUCHI and H. AMANO 
DISCUSSION
Leaves of I. integra generally opened earlier than those of I. crenata, and the adult emergence of A. sasakii also occurred earlier on I. crenata than on I. integra (Fig. 1) . This suggests that the emergence pattern of adult midges on the two host plants is adapted to their leafing phenologies. The timing of emergence of different host races of the apple maggot fly Rhagoletis pomonella Walsh (Diptera: Tephritidae) is correlated with the host plant phenology (Feder et al., 1993; Feder, 1995) . Differences in the fruiting phenologies of the host trees exert different selection pressures on the diapause and eclosion time characteristics of the host races (Feder et al., 1997a, b; Feder and Filchak, 1999; Filchak et al., 1999) . Differences in host plant phenology have also been found to promote genetic isolation in several other insect herbivores (Wood and Keese, 1990; Craig et al., 1993; Groman and Pellmyr, 2000) .
The emergence of A. sasakii adults in both populations did not always coincide with the time of leaf opening of the host, and adults usually emerged after leaf opening (Fig. 1) . Synchronization of adult emergence with host plant phenology is critical for herbivores. This is especially the case for cecidomyiid females, which have little time to find suitable galling sites (i.e., sites where cell division is active) (Yukawa, 1994 (Yukawa, , 2000 . The discrepancy between midge emergence and host leafing may be due to weather conditions that differentially affect the development of gall midges and the development of the host plant, making it difficult for gall midges to synchronize with host plant phenology (Yukawa, 1994) . Another possibility is that because this species induces galls on axillary buds that open up after leaf opening, female adults may have been selected to emerge after budburst.
Midges that are maintained in small vials in the laboratory or that are prevented from mating usually live longer (several days) (Miller and Borden, 1984; Isidoro et al., 1992; Pivnick and Labbé, 1992) . The captive, non-breeding A. sasakii adults in this study lived for four or five days on average (Table 1) . However, their life span in the field is probably shorter than four days because the natural life spans of other cecidomyiid adults have been reported to be only a few days (Barnes, 1956; Redfern, 1975; Sunose, 1983; Miller and Borden, 1984; Yukawa and Ohsaki, 1988) . Because the interval between the last day of adult emergence on I. integra and the first day of adult emergence on I. crenata appears to be at least six days ( Fig. 1 ; see also Tabuchi and Amano, 2003) , A. sasakii populations inhabiting the two host plants appear to have little chance of interbreeding. I. crenata and I. integra are widely and sympatrically distributed in Honshu, Shikoku and Kyushu, Japan (Yamazaki, 1989) . Their leafing phenologies vary regionally and in some cases, may be synchronous. In these cases, A. sasakii adult emergence on the two host plants may also be synchronous. However, our results indicate that interbreeding would not occur even if adult emergence on the two host plants was synchronous (Table 2 ; and see below).
In the field, females waved their ovipositor back and forth probably to call males. Similar behavior has been observed in several cecidomyiid midges and this behavior has been interpreted as a pheromone release behavior (McKay and Hatchett, 1984; Miller and Borden, 1984; Pivnick and Labbé, 1992) . Solvent extracts from virgin females have been found to attract conspecific males in six cecidomyiid species (Miller and Borden, 1984; Lee and Lee, 1985; Sain and Kalode, 1985; Wall et al., 1985; Williams and Martin, 1986; Pivnick, 1993) . Sex pheromone components have been identified in three of these species (Miller et al., 1991; Hillbur et al., 1999; Gries et al., 2000) . In the present study, all females showed calling behavior when they were placed on the original host plant, while few females showed this behavior on the wrong host plant (Table 3 ). The fact that no males approached calling females of the other population (Table 2) suggests that sex pheromone components differ between the two populations. If this is true, interbreeding would be unlikely if adults of both populations become sympatric. Female calling may be influenced by a certain cue from the host plant because calling behavior itself was restricted on the wrong host plant (Table 3) .
Other life history parameters were different between the two populations (Tables 4, 5, 6, 7; Fig.  2 ). The sex ratio differed only slightly from year to year within the same population but differed significantly between the two populations. The sex ratio was female-biased (1 : 2) in the population on I. crenata but unbiased (1 : 1) in the population on I. integra (Table 5 ). In some midge species, the male/female ratio is female-biased (Barnes, 1935a (Barnes, , b, c, 1941 Yukawa and Sunose, 1976; Yukawa et al., 1976; Sunose, 1983; Yukawa and Ohsaki, 1988; Stiling et al., 1992) , but 1 : 1 in other species (Barnes, 1933 (Barnes, , 1935c (Barnes, , 1941 Prévost, 1990) .
Many cecidomyiid midge species have a speciesspecific diurnal emergence pattern (Barnes, 1930; Miller and Borden, 1984; Yukawa and Ohsaki, 1988; Pivnick and Labbé, 1992) . The majority of A. sasakii adults of the two populations emerged in the early half of the photophase. In some midge species, males emerged earlier and searched for females (Barnes, 1930; Summers, 1975; Yukawa and Sunose, 1976; Sone, 1986; Pivnick and Labbé, 1992) . In the present study, however, males and females of both A. sasakii populations emerged simultaneously. Males and females of the midge Pseudasphondylia neolitseae Yukawa also emerge synchronously .
Adult females on I. crenata were bigger in size and had more eggs than those on I. integra ( Fig. 2 ; Table 4 ). The galls on I. crenata also contained more midge larvae than those on I. integra (Tabuchi and Amano, unpublished data) . Our overall results lead us to conclude that the A. sasakii populations occurring on I. crenata and I. integra are reproductively isolated by the difference in adult emergence time, so that each population constitutes a distinct species. Our recent study (Tabuchi and Amano, 2003) led to the same conclusion based on the seasonal life cycle and on differences in the parasitoid fauna attacking each host population. Some morphological differences were also found in the two midge populations (M. Tokuda and J. Yukawa, personal communication) . These results suggest that the taxonomic positions of the Asteralobia species complex inhabiting several Ilex species should be revised.
